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ABSTRACT 


The problem of determining the optimum allocation of aircraft to 
an airstrike against a transportation network is investigated. The 
damage function is assumed to be exponential. A solution procedure- is 
developed utilizing dynamic programming and integer solutions: are: found. 
The number of aircraft to be assigned to the airstrike is: considered a 
decision variable. A sensitivity analysis is run to determine- the 


optimum value for this variable. 
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I. INTRODUCTION 


A. OBJECTIVE 

The purpose of this paper is to present a procedure for determining 
tire: optimal allocation of aircraft to a single airstrike against a 
transportation: network. This allocation problem is solved by dynamic 
programming: and:a: Förtran-coded version of the program is included in 


tire: paper. 


B. GENERAL 

Sustained ground. operations require a military force to have some 
means: of resupply. This resupply capability is partially dependent 
upon a land transportation system. The level of resupply effort required 
depends upon what type of forces are being supported. Guerrilla forces 
enjoying local support require less resupply capability in terms of 
pounds per man per day than would a conventional army, but a greater 
percentage of this capability depends upon land transportation networks. 

Any reduction in the resupply capability of a military force will 
reduce its combat effectiveness. Tactical air interdiction has been 
used extensively by the Armed Forces of the United States against its 
apponents in Southeast Asia to accomplish this reduction. 

There are at least three alternative means of using tactical air to 
reduce the resupply capability of an enemy. Aircraft may be assigned 
to attack sources of supply to destroy war material before it enters 
the transportation system and/or to disrupt its production; aircraft 
can destroy war material as it moves in the transportation system; and 
finally aircraft can attempt to reduce the resupply capacity of the 


transportation system itself by destroying bridges, roads, railroads, 





et cetera. Conventional wisdom argues that the first course of action 
is the most effective form of interdiction. Unfortunately for military 
planners, political considerations may rule out this alternative. This 
paper will focus on the last of these options, the reduction in capacity 


of the transportation system itself. 


C. BACKGROUND 

Considerable effort has been devoted to the interdiction problem. 

In particular two recent papers provided the background for the approach 
to the problem developed in this paper. McMasters and Mustin [1] 
developed an algorithm that determines which arcs of a transportation 
network should be attacked and at what level af effart given a limited: 
availability of resources. In this formulation of the problem the 
relationship between arc capacity and resource allocation (damage 
function) was assumed to be linear. The algorithm presented is based 
upon the max-flow min-cut theorem of Ford and Fulkerson [2] and the 
relationship between a primal network and its topological dual. 

Nugent [3] investigated the same problem under the assumption of an 
exponential damage function which exhibits diminishing marginal returns. 
An algorithm was developed that finds a non-integer solution to the 
problem. | 

In this paper the transportation system will have the same network 
formulation as in Refs. 1 and 3. The problem will be formulated differ- 


ently and dynamic programming will be used to provide integer solutions. 


= 


D. INTERDICTION PROBLEM 
It will be assumed that, given unlimited aircraft availability, the 
assignment of aircraft to an airstrike would reach a point beyond which 


it would become uneconomical to assign further aircraft. In a problem 


with constraints on aircraft availability this point might or might not 
occur before all available aircraft were assigned. For this reason, 
the objective of an operations officer planning an airstrike against a 
transportation network is not merely to minimize network capacity 
subject to aircraft availability, but to minimize the capacity subject 
to aircraft availability and the additional consideration that the cost 
of any incremental assignment of aircraft to the strike is exceeded by 
the benefit resulting from that assignment. 

To accomplish the objective the strike planner must have information 
on the availability and cost of assignment of aircraft. Detailed infor- 
mation must be available concerning the transportation network including 
the upper and lower bounds on the capacity of each arc and its vulnera- 
bility to attack. The planner must also know the benefit to attribute 
to a reduction in resupply capability. With this information and using 
the procedure that will be outlined the planner can determine: how 
many aircraft to assigng to the airstrike; which arcs in the network 
Should be attacked; how many aircraft to assign to arcs that will be 


attacked; and the capacity of the network after the airstrike. 


II. THE MODEL 


A. NETWORK DESCRIPTION 

The transportation system under consideration is represented by a 
planar connected graph of nodes and undirected capacitated arcs. Arcs 
represent road segments and nodes represent either a road intersection 
or any other point where it is necessary to distinguish between road 
characteristics on either side of the node. Three constants are asso- 
ciated with each arc representing the upper and lower bounds on arc 
capacity and the arc's vulnerability parameter. 

It is assumed that the network has one source node from which flow 
originates and one sink node at which flow terminates. If the trans- 
portation system being modeled has more than one originating point or 
terminating point this may be handled by creating a super-source and/or 
sink with artificial arcs connecting these super-nodes to sources and 
sinks as needed. These artificial arcs may not be attacked and their 
capacities are unbounded. The arc between nodes i and j is represented 
by (i,j). Nodes are numbered from ] to n with 1 corresponding to the 
source and n the sink. With the exception of the source and the sink, 
flow conservation is assumed to hold. That is, flow out of node i 
equals flow into node i. 

The flow in arc (i,j) is designated as Xij if it is from node i to j 
and X; if it is from node j to i. This avoids the necessity of defining 
negative flows. Flow is assumed to be from the source to the sink 
although it may be in either direction in the intermediate arcs. The 


model as formulated considers only flows of a single commodity, tons 





of resupply per day, and the value of one unit of flow is assumed to 
be the same for all arcs. 

Capacities on arcs represent bounds on flow in either direction. 
The capacity on arc (i,j) is given by Ш and is assumed to be the same 
in both directions. The flow in arc (i,j) is restricted by 


0 < Xij ΕΠ Е 


Те иррег and lower bounds on the capacity of arc (i,j) are repre- 


sented by u; and lij where 


j 


A ia 


The vulnerable portion of an arc's capacity is designated w;; with 


j 
Wij κ ας =]... 


The amount of resource allocated to interdict arc (i,j) is denoted by 
Kij- The relationship between the capacity of arc (i,j) and the level 
of resource assigned to its interdiction is defined as the damage 
function of arc (i,j) and is given by 


{п the above damage function the parameter bi; is a measure of the 


vulnerability of arc (i,j). Larger values of bi result in greater 


j 
reductions in capacity for fixed values of 111» Wi; and ki; and hence 


imply greater vulnerability. If bi; = 0 then mij(k;;) un for 
all possible values of Kij and no capacity reduction is possible. With 
this damage function if no aircraft are assigned to (i,j), its capacity 


will be Ui; and in the limit as the number of aircraft assigned to (i,j) 





becomes infinite the capacity approaches lij: This lower bound will 


be referred to as arc capacity after unlimited interdiction. 


B. DETERMINATION OF NETWORK CAPACITY 

The opposition is assumed to have the means to determine how to 
maximize the flow in the transportation network. Let the capacity of 
the network be defined as this maximal flow. The determination of 
maximum flow is the well-known maximal flow problem and may be found 
using the max-flow labeling algorithm based upon the max-flow min-cut 
theorem of Ford and Fulkerson [2]. Ford and Fulkerson's theorem states 
that the maximum flow possible in a network is equal ta the value of 
the minimal cut set. In this paper the value of a cut set will be 


referred to as its capacity. 


С. ENUMERATION OF CUT SETS 

The network capacity has been defined to be equal to the maximum 
flow possible. in the network. As discussed, this maximum flow is equal 
to the value of the minimum cut set. Therefore, the problem of mini- 
mizing this capacity is equivalent to minimizing the capacity of some 
cut set. It is obvious that aircraft will be allocated to only one cut 
set since if this were not the case all aircraft could have been assigned 
to the cut set that was minimal after the first allocation with a 
resulting decrease in network capacity. 

The complicating factor is that there is no easy way to find out 
which cut set should be selected for attack. To solve the problem it 
is necessary to have some means of identifying cut sets. In addition, 
it is desirable to be able to identify these cut sets in order of 


increasing capacity after unlimited interdiction since once a cut set 
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is found whose capacity after unlimited interdiction is greater than or 
equal to network capacity before interdiction no more cut Sets need be 
identified. The network capacity before interdiction represents an 
upper bound on network capacity. Define S; as the cut set with the ¡th 
smallest capacity after unlimited interdiction. The set of S; whose 
capacities after unlimited interdiction is less than the upper bound on 
network capacity will be denoted by S. 

The method by which cut sets are identified makes use of the topo- 
logical dual of a network. Arcs have lengths rather than capacities in 
the dual network. The cut sets in the primal network have a one-to-one 
correspondence with the loopless paths in the dual. The problem of 
finding the shortest path from the dual source to the dual sink corre- 
sponds to the primal problem of finding the minimum cut set. The length 
of the dual shortest path equals the primal capacity. 

The topological dual of a given primal network is constructed as 
follows: 

(1) Connect the source and the sink of the primal with an artificial 
arc. Call the result the modified primal. 

(2) Place a node in the area surrounding the modified primal (external 
face) and one in each face formed by the arcs of the modified primal. 
Let the dual source be the node in the external face and the dual sink 
be the node in the face involving the artificial arc. 

(3) For each arc in the primal (except the artificial arc) construct 
a dual arc that intersects it and joins the two nodes in the faces 
adjacent to it. | 

(4) Assign each dual arc a length equal to the capacity of the primal 


arc it intersects. 


1] 


Once the dual network has been developed, the shortest: path through 
the dual before interdiction is found. This path is determined using 
the upper bounds on primal capacities as lengths of arcs in the dual. 
The length of this path represents network capacity before interdiction. 
Any shortest path algorithm may be used for this determination. Dreyfus 
[4] evaluated several of these algorithms concluding that the: procedure 
developed by Dijkstra is the most efficient. Next the lengths: of the 
dual arcs are changed to correspond to the lower bounds on primal arc 
capacities. The lengths of the dual paths now represent the capacities 
of the corresponding primal cut sets after unlimited interdiction. 

Paths with loops need not be considered since they correspond: to. primal 
cut sets that either include more arcs than necessary to sever the 
network or contain some arc more than once. The dual paths are identi- 
fied in order of increasing length by means of an nth shortest path 
algorithm. Clarke, Krikorian and Rausen [5] developed an algorithm for 
determining the n best loopless paths, but it is difficult to apply. 
Pollack [6] in an unpublished paper presented an algorithm which succes- 
sively develops the best loopless paths using extensions of shortest 
path algorithms. This procedure is less complex than that of Clarke, 
Krikorian and Rausen and appears to be more efficient. It should be 
noted that depending on the number of elements in S and the total 
number of paths in the dual, the most efficient means of developing S 


may be to enumerate all paths through the dual and then compare lengths. 


Ша 


ИТ. ANALYSIS OF ΤΗΕ MODEL 


A. MATHEMATICAL FORMULATION 

The problem, as outlined previously, is to find that allocation of 
aircraft to an airstrike against a transportation network which will 
minimize the capacity of that network. This minimization is: accomplished 
subject to a constraint on aircraft availability and the consideration 
that the incremental benefit of assigning aircraft must exceed the 
incremental cost of that assignment. If net benefit is defined to be 
the difference between the total benefit derived from the airstrike: and. 
the total cost of aircraft assignment the problem may be restated. as 
follows: maximize net benefit subject to aircraft availability. 

Let K represent the total number of aircraft available for assign- 
ment to the airstrike and let K* be the number of aircraft that have 
been assigned to the airstrike. Then for any choice of K* the problem 


may be stated mathematically as 


min [cut set capacity after optimal interdiction] 


S;eS 
or 
min [min Σ (1.. + w.. expf-b..;k..})] 
55 (ies, '.. 1713 
subject to Σ К.. < К* 
(1,})є$5, = 
КЕ positive integer . 
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The structure of this problem will allow the development. of an 
efficient solution procedure. Note that with respect to a particular 
cut set the objective is to minimize its capacity. Since the cut set 
capacity is the sum of functions that are convex in Kij» this capacity 
is a convex function and is therefore unimodal with respect. to. minimiza- 
tion. The overall objective function is the minimum of a set of convex 
functions and is neither concave nor convex. This together with the- 
problem of not knowing which cut set is going to be attacked requires 
that each cut set in S be the subject of a minimization problem. 


For a particular cut set, S;, the problem is 


min (1,55, (lij + Wij exp[-b;;k,.]) 
subject to ¿Es kij < K 
(1,3)eS; 
ЈЕ positive integer . 
The term Σ 14. is constant and may be deleted during the minimization 


1) 
i,j) 
and then added back to give the solution in terms of capacity. This 


problem will be solved by means of dynamic programming. Each arc in 
the cut set under consideration will be represented by a stage in the 
dynamic program. 

Let the number of arcs be n and resubscript each arc (i,j) and its 
associated parameters in any order with the single subscript i running 
from one to n. The decision variable for stage i is k; and the return 


function for stage i is given by 


r = exp(-b;k;) Я 
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The state variable for stage i will be denated Бу Xj: and represents: the- 
remaining resource availability at stage i. The problem may be restated 
as finding fo (Xp) where 


n 
f(x) = min Σ 
Та O<k,<x, 15 


subject to Rep HX - καὶ 


(ха) is the optimal return from stages n,n-1,...,1 given xX, units of 
resource. The above problem may be solved by dynamic. programming since 
fr (xn) can be decomposed into a series of single variable: problems. 

Nemhauser [7] shows that problems with additive stage: returns: may. always: 


be decomposed. Therefore, the following recursive relationship is valid 


j (x) = min E) + ο. 

ἵν θ-Κη-Χῃ > Π»1. ΠΗ 
and 

f(x) = min г (4). 


0<К1<х] 
The value of xp.1] is given by 


x Ба ОК) = Xn- Kn 


where t, is the transformation which gives the relationship between the 
amount of resource remaining after stage n given that x, was available 
before stage n and ky, was utilized at stage n. 

The dynamic program is solved by starting at stage one and working 
to stage n solving a series of single variable minimizations. These 
minimizations are facilitated by the convexity af the individual stage: 
returns. Nemhauser [7] provides a proof of the fact that in the 
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minimization of additive stage returns the convexity of each stage 
return ensures that Е. (94) is a convex function of x.. This means that 
each single variable optimization performed in the dynamic program is 
of a unimodal function and permits the use of Fibonacci search to find 
the optimal values of the decision variables. An application of this 
technique is found in Ref. 7. 

After the optimal allocation of aircraft withim each cut: set: in S 
is found for a given K*, their capacities are compared. The cut set 
with the minimum capacity is the one that would be attacked if K* air- 
craft were to be assigned to the airstrike. The capacity of this: minimal 
cut set is by definition the network capacity and this: capacity will be a. 
strictly decreasing function of K*. The remaining problem is: to deter- 
mine how many aircraft to assign to the strike in order to maximize 
net benefit. To make this determination it is necessary to know the 
cost of allocating aircraft to the strike. This will be assumed to be 
a constant C dollars per aircraft. The benefit derived from network 
capacity reduction must also be known. It will be assumed to be a 
constant D dollars per unit capacity reduction. 

With the above information the problem of determining how many . 
aircraft to allocate may be determined by comparing the incremental 
cost of assigning aircraft to the benefit resulting from that assign- 
ment. To make this comparison it is necessary to define the benefit 
resulting from the assignment of a single aircraft. This will be de- 
fined as the product of the benefit per unit capacity reduction (D) 


and the amount of capacity reduction that can be achieved by that 


aircraft. 
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The amount of capacity reduction that can be achieved by one 
additional aircraft is a function of the number already assigned and 
will be denoted as 6(K*). A simple decision rule is to assign aircraft 
K* = 1,2,... until a point is reached where benefit from the last 


aircraft assigned does not exceed the cost of assignment. At this point 


Dx (K) < C 
or 
5(К*) < C/D 


and the optimal allocation of aircraft is K*-1 . If 6(К*) > СШ 
for all K* the optimal allocation is K under this rule. There would be 
no problems with this decision rule if 6(K*) were a non-increasing 
function of КК. In this case once a K* was found such that $(К*) < С/р 
the cost of any further assignment of aircraft would exceed its benefit. 
If network capacity after optimal interdiction were determined by 
only one cut set for all values of K* then s(K*) would be non-increasing. 
This is not the case. In general as K* ranges from O to K different cut 
sets are minimal (see Figure 1). At K* = 0 the cut set that determines 
network capacity is by definition the one that is minimal before any 
interdiction takes place. Unless this cut set is also minimal after 
unlimited interdiction, at some point another cut set must determine 
network capacity. This crossover may, of course, occur after assignment 
of all available aircraft. These points where a change in the constrain- 
ing cut set occurs represent points where 6(K*) increases with respect to 
К. Therefore, there is no guarantee that stopping when 6(K*) < C/D 
for the first time is optimal. If at some point after further assign- 
ment of aircraft is made 5(K*) again exceeds C/D, it may be that further 


assignment of aircraft would have resulted in benefits outweighing costs. 
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Capacity 
network capacity 


N = = = cut set capacity 





K* 


Figure 1. Network Capacity 


The problem of determining the optimal K* will be handled as follows: 
(1) Find the first value of K* for which 6(K*) < C/D. Subtract one 
alrcraft and let the resulting value of K* be K¡*. If K* = K before 
K,* is found then the optimal allocation of aircraft 15 K. 
(2) Check to see if 6(K*) > C/D for any values of K* > Κη’. If not 
go to step (4). If so find the next value of K* for which s(K*) < C/D. 
Let this number minus one δε Κρ”. 
(3) Continue in this manner to identify the K* at which 6(K*) becomes 
< C/D after there has been an intervening value of K* such that 
6(K*) > C/D. Subtracting one aircraft each time, label the resulting 
values K3*,Ky*, РИ K, + PESAS C/D Tet Ке = К. Let Кох Бе 
defined as 0. 
(4) Starting with i = 1 and continuing until i = n, check whether or 


not the cost to reach K; from Ks] is exceeded by the benefit. If it is, 
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let К, = K;* , increment i by one, and go to the beginning af step 


(4). If it is not, go to step (5). 

(5) Starting with 1 = 1 and continuing until 1 = n-i check whether the 
cost to reach K;+j from K;_, is exceeded by the benefit. If it is, let 
* = 

К орї КО? 
by one and go to the beginning of step (5). 


let i = it1+] and go to step (4). If not, increment 1 


At the end of this procedure k*,,, will be the optimal number af air- 


op 
craft to assign to the airstrike and the problem will be solved. 


B. STEPWISE SOLUTION PROCEDURE 

(1) Formulate the topological dual of the transportation network. Find 
the shortest path through the dual before interdiction. This represents. 
an upper bound on network capacity. 

(2) Use Pollack's algorithm [6] to identify the first, second, third, 
.... Shortest paths through the dual using the lower bounds. Continue 
identifying paths until one is found whose length exceeds the previously 
found upper bound on network capacity. Let the primal cut sets corre- 
sponding to these paths be denoted as set S. 

(3) For each cut set that is an element of S, use dynamic programming 

to find the optimal allocation of aircraft and the resulting capacity 

for K* equal to 1,2,...,K. 

(4) For each value of K* find the network capacity by taking the minimum 
of the capacities of the elements of S. 

(5) Construct the function 6(K*) and determine τ; τ; 
(6) Using the procedure previously outlined determine which K;* is 


optimal. 
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C. SAMPLE PROBLEM 
The diagram in Figure 2 represents a hypothetical transportation 
network. The three numbers associated with each arc are bij, lij, 


and Ujj: 





(.24,0,130) 


Figure 2. An Example Network 


20 





Figure 3 shows how the topological dual of the transportation 


network is constructed. 





Figure 3. Construction of the Dual 
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Figure 4 shows the topological dual after the data for each arc 
has been transferred from the primal. In the dual ui; and lij represent 


bounds on arc length. 





Figure 4. The Topological Dual 


To simplify notation, paths through the dual will be designated by the 
nodes over which they pass. The shortest path through the dual before 
interdiction is 1,2,5,9 with.a length of 1395. This gives an upper bound 
on network capacity. Table I lists а11 Тоор1е55 paths through the dual 
in order of length after unlimited interdiction. It should be noted 


that the length of path number 11, the 11th shortest path after unlimited 


22 





PATH 
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O 9ο со ~ с с + о г 


TABLE I. DUAL PATHS 


NODES 
1,4,7,6,9 
1.067.859 
а 
1625559 
04535275569 
Јаке 559 
Was 7563559 
№2.5.6,9 
№3:2.556.9 
1635197 3659 
10939575839 
17953326556 .7.8,9 
1,2585437,6,9 
Weoets 7? 505059 
1257055839 
1,2,3,4,7,8,9 
1,3%2;5,;6,7,8;9 
ша Зу ното 
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1600 
1615 
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interdiction, exceeds the upper bound on network capacity. Therefore 
the cut sets comprising set S correspond to paths 1 through 10. 

It is assumed for purposes of this example that there are 100 air- 
craft available for assignment at a cost of 30,000 dollars for each 
aircraft assigned. It is further assumed that the benefit derived from 
a reduction of one ton per day tn network capacity ts 7,500 dollars. 

The dynamic program for each S; that is constraining including a 
| sensitivity analysis on K* is contained in the computer output. А 
graph of the resulting network capacity is given by Figure 5. For K* 
in the range 1 through 25 cut set 4 determines network capacity, for 
K* in the range 26 through 57 cut set 3 is constraining, and for K* from 
58 to 100 cut set 1 is minimal. 

From the given values of C and D. 30,000 and 7,500 respectively, 
the points of interest are those at which s(K*) becomes < C/D = 4. This 
Seeurs for the first time witen K* = 42. Therefore, KT = H. AC K~ =-58 
6 (КК) again exceeds 4 so it is necessary to search for another point 
where 5(К*) < 4. This next occurs at K* = 62 and Кор Is 61. P Since 
s(K*) does not exceed 4 for any K* > 62, КО = Ку“. 

It is obvious that the benefit to get to K;* exceeded the cost 
since Kj* was the first point at which the allocation of another aircraft 
did not produce benefits exceeding costs. However, it is not quite as 
obvious when the decision is made whether or not to allocate K,* 
aircraft. The benefit to get from K,* to K2* is equal to the incremental 


capacity reduction multiplied by D. 


Benefit 


62.23 X 7500 


466,725. 
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——— пешогк capacity 


== = = cut set capacity 


` 
\ 
EN 
`x 

к. 

` СЕЗЕ БИЦИ eee 
N 
` 

| ` 
| ` 
| τ. 
| | Fre να 
| | 
| | 
| [ 
| | 
| | 
| [ 
l | 
Кох > ke 

407 60% 80 100 


Example Network Capacity 


25 





This benefit is compared to the cost of allocating Ky* - κι” aircraft. 


Cost 20 X 30,000 


600,000. 


Thus the benefit is outweighed by the cast. Since there is na allocation 
of aircraft greater than Ko* that will result in benefits exceeding. 
costs, it may be concluded that K* = 41 represents the optimal number 
of aircraft to assign to the airstrike. At this level of interdiction 
the network capacity will be 1056.06 tons per day. This is a reduction 
of 338.94 tons per day with a resulting benefit of 2,542,050 dollars. 
The cost of this reduction is 1,230,000 dollars. The cut set that. will 
be attacked is the cut set corresponding to path number three which 
contains the following primal arcs : (4,7); (4,6); (2,6); (1,6); and 
(1,3). These arcs correspond to dynamic programming stages 1,2,3,4, 
and 5 respectively. Looking at the dynamic programming stages the 
optimal allocation of aircraft is: Ка 7 = 9; Ka 6 = 6; Ko 6 = 7: 


кб = 10; and KI 3" 9. This completes the solution. 
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IV. DISCUSSION 


A. PROPERTIES OF THE SOLUTION TECHNIQUE 

The dynamic programming approach taken to the problem guarantees 
that the solution found will be a global minimum aver the feasible 
region. The integer constraints pose no problem. In fact, the integer 
restriction limits the number of values the decision vartables may 
assume and allows an exact solution to be found. Dynamic programming 
also provides a built in capability for sensitivity analysis. 

The convexity of the damage function allowed the use of Fibonacci 
search within the dynamic program resulting in a tremendous savings in 
the number of separate calculations made in each dynamic program. With 
K equal to 100 the reduction was on the order of 10-1 times the number | 
of calculations needed for exhaustive search. Larger values of K will 
produce savings of an even greater magnitude. The execution time 
required for the sample problem was 15.06 seconds on an IBM 360/67. 
Utilizing Fibonacci search it was found that the increase in execution 
time for larger values of K was approximately linear. Execution time 
was also roughly linear with respect to the total number of dynamic 
programming stages required (45 in the sample problem). From the above 
observations the amount of computer time required for larger problems 
may be predicted. For example, a problem with 15 cut sets in S averaging 
6 arcs per cut set would require 90 dynamic programming stages. If 200 
aircraft were available a reasonable estimate would be that this problem 
would take approximately 4 times as long to solve as the sample problem. 

A further reduction in the number of calculations required may be 


achieved with a coarse grid. Aircraft can be allocated in packages of 
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five and the constraining cut sets determined. These cut sets: cam then 
have aircraft reallocated one at a time and the optimal solution found 
as before. This approach can not guarantee that the correct constraining 
cut sets will be selected, but if they are the solution will be optimal. 

Dynamic programming allows some generalizations to be made in the 
problem. To begin with, since additive stage returns are always: 
decomposable, the technique places no restrictions on the damage: functions. 
The negative exponential damage function used in this paper has: intuitive 
appeal since it does exhibit diminishing marginal returns. This function 
also contributes to computational efficiency since its convexity allowed. 
the use of Fibonacci search. However, if actual interdiction data. 
Suggests damage functions of another form, the problem can still be 
solved with somewhat greater expenditures of computer time. 

Another generalization suggested by dynamic programming is to. consider 
the allocation of two types of aircraft. In this case a damage function 


of the form 


(Ка sh 


= li; t wi; exp(-bi h 


та Кр» аа) ij o 

might be assumed with Кај, lij» and Wij defined as before, hij repre- 

senting the number of aircraft of the second type assigned to arc (i,j), 

and НЕ denoting the vulnerability parameter corresponding to the 

second type of aircraft. Dynamic programming may again be used to solve 

the problem, but two state and two decision variables are required. 
Although the new damage function preserves convexity, in this case 

the series of minimizations is of functions of two variables and 

Fibonacci search is not applicable. A minimization problem was run for 


a hypothetical cut set containing five arcs. The execution time required 
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for solution was 5.63 seconds when 10 aircraft of two types: were 
available; with 19 aircraft of each type, the time required was 32.79 
seconds; and when 25 of each type aircraft were available, over a 
minute of computer time was used. To deal with even relatively small 
networks the computer time requirements would become prohibitive. if it 
were necessary to consider larger aircraft availabilities. To: assign 
three types of aircraft, dynamic programming would require: three: state. 
and three decision variables and the technique would be impractical 
even for small problems. 

Another application of the dynamic programming approach is: in a. 
modification of Nugent's algorithm [3]. This madification will provide. 
integer solutions. Nugent presented a method of finding non-integer 
allocations of resources that would minimize network capacity subject 


to Kij < К and ki; > 0. As previously discussed, the. 


ES: 
objective function in this problem is convex with respect to kj. In 
Nugent's formulation the feasible region defined by the constraints is 
also convex. Therefore, for any particular cut set the problem is a 
convex non-linear program and Kuhn-Tucker theory provides conditions 
that are both necessary and sufficient for a global minimum. Nugent 
solves these Kuhn-Tucker conditions and using an upper bounding technique 
arrives at the cut set that will be minimal after optimum interdiction. 
In the modification the set S and the upper bound on network capacity 
are found as before. The Kuhn-Tucker conditions are then solved to find 


non-integer constrained solutions that minimize cut set capacity for 


each element of S. The minimum of these solutions represents the optimal 


solution without integer constraints. When integer: constraints: are: added 


this minimum represents a lower bound on network capacity. The cut set 


29 





with the minimal non-integer solution is deleted from S and becomes: the 
subject of a dynamic program to find an integer solution. If this 
integer solution is less than the non-integer solutions corresponding 

to the remaining elements of S it is optimal. If it is greater than some 
or all of the elements of S it represents a new, smaller upper bound on 
network capacity. Any elements of 5 with non-integer salutions greater 
than this new upper bound are deleted from S. From the remaining: elements: 
of S the cut set with the smallest non-integer solution is selected. from 
S. Again dynamic programming used to find a new integer solution. The 
new integer solution is compared with the old integer solution and the 
minimum is called the current integer solution. The current. integer 
solution is then compared to the remaining non-integer solutions and 

the process is repeated. This iterative procedure is continued until 
either S is the null set or until the current integer solution is less 
than or equal the non-integer solutions corresponding to all of the 
remaining elements of S. In either case the current integer solution 
represents the optimal solution to the integer constrained problem. 

In general, 1f the number of aircraft to be allocated to the air- 
strike is known, this modification is more efficient that using dynamic 
programming on every element of S to solve the minimization problem. 

In solving the example problem from Nugent's paper it was necessary to 
run only one dynamic program and with exponentia] damage functions the 
Kuhn-Tucker conditions are easy to solve relative to solving a dynamic 
program. However, this modification does not lend itself to the 
sensitivity analysis on K that is necessary when the number of aircraft 


to be assigned to the strike is taken to be a decision variable. 
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As already mentioned, there are limitations оп the technique 
presented. One difficulty that has not yet been discussed is: in the 
measurement of the costs and benefits of aircraft assignment. In this 
paper the problem was ignored and constant dollar values of C and D 
were selected arbitrarily. This problem is impartant. since: the. selection 
of C and D determines how many aircraft wiTT be assigned to the: strike. 
If D had been taken to be 10,000 dollars per ton af flow reduced: vice. 
7,500 and the rest of the problem remained unchanged, the: decision would. 
have been made to allocate 77 aircraft in a strike against cut set: one 
resulting in a network capacity of 938.19 tons per day. On the: other 
hand, if D was less than 1,519 dollars per tan of flow reduced: the. 


solution would be to make no attack against the network. 


B. RECOMMENDATIONS FOR FURTHER STUDY 

The possibility of deriving damage functions from actual interdiction 
data was mentioned earlier. If the method of this paper were to be put 
to use in solving a real-world interdiction problem some verification 
of the damage function would be essential. However, due to the sensi- 
tivity of the solution to both costs and benefits, the measurement 
problem associated with costs and benefits should receive at least as 
much attention as the damage function. 

Another possibility for further study would be the utilization of 
the model described in this paper to represent real-world problems other 
than aircraft interdiction. One obvious example might be the problem of 
allocating resources to the improvement of a highway system. In this 
example it would probably be relatively easy to get data from which 
to derive improvement functions, but the measurement of costs and benefits 


would be as difficult as before. 
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The model presented could be refined by assigning. different values 
to capacity reduction in the various arcs of the network. The objective 
then would be to minimize the maximum value of flow possible-in the 
network rather than to minimize network capacity. The solution technique 
presented could still be used. A further refinement might Бе to consider 
not only arc vulnerability, but also the repair capability of-the: 
opponent. This would require capacity reduction to: be: taken asa: 
function of time as well as aircraft allocation and: would. make: the 
analysis of the model more difficult. Many other refinements could be 
made in order to make the model more representative of the-real world, 
but in general the increased realism gained would: be at: the: expense of 


increased computational effort. 
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V. SUMMARY 


A solution procedure has been developed for the problem of 
determining the optimal allocation of aircraft in planning an airstrike 
against a transportation network. The damage function for arcs: in the: 
network is assumed to have a negative exponential form. To make: use: 
of the procedure it is necessary to have available the following: infor-- 
mation: the upper and lower bounds on the capacity of each arc, the 
vulnerability parameter for each arc, the number of aircraft. available 
for assignment to the airstrike, the cost of assigning an aircraft to 
the strike, and the benefit resulting from network capacity reduction. 

In the solution procedure every cut set that is designated a 
candidate for attack is the subject of a dynamic program. A sensitivity 
analysis is performed on the number of aircraft to be assigned and this 
gives the network capacity after optimal interdiction as a function of 
the number of aircraft assigned to the strike. A cost benefit analysis 
is then made to determine the largest number of aircraft that can be 
assigned before costs of further allocation begin to outweigh the 
benefits resulting from that allocation. 

At the end of the procedure the solution consists of the following: 
the number of aircraft to assign to the airstrike, the cut set that will 
be attacked, the number of aircraft to allocate to each arc of the cut 
set chosen, and the capacity of the network after this assignment of 


aircraft. 


33 





COMPUTER OUTPUT 


DP SOLNS CUT SET 1 


CHANGE IN CAPACITY 


CAPACITY 


ACFT AVAIL 


ЦОО ч У-У чос Ос Оччо со О СО ОМ~ СО ИО па 24 ДУ СО ЧАЈ О Сп ОО ЧУО ИО 60 04 (со 90 [~ О 
ODO + = ОСМО О сч ОГОО со ОШ ч Г О МОУ сс О со сс Соо шуо οσοι Οιωσ со Ч\с СЧ 
СПО О ОО МО ОИ СО СИ ОГ И 9 © ОУ ИО 90 бо ОМ СУГ МОМ пе С Our СО СОЦ OOD 
OF DMAANMNDE-MOOFOM OF NN DDOIM MND ООМО сс СЈОЈОМОО МА ОЈ ДЈ ОЛ ОУК Ке ЗО АСА СО СМЧ ЧС) 
ὃ ὃ 9 0 ὐ 5 6909099906 069 6 8 9 9 υ 9 Φ ϱ 9 Φ Φ 9 © ө 9° ө ө © ө ө ® ө ө © ө © Φ 99 9ο 99ο 99ου 
ΟΝ- ч ОКУШ СП с #4 С) О СО) О ОУ Оз Оз ОУ О\ © оо СООО > aña 9000009 O О или ићи uy 
Paq R qa A епимено ТРИ а | 


ОМ МО Чи О со СОЈ САША ВО СИА КЪ DNA LAR О СУ у со 00 СЧ О Оспе Г 
ОСОО (су СО ШЛУ СС + Г © СМ СО С) О ОО Ч) 00 чц ХР со У Ио Меса Раса (ИО ПО СЧе 00 С О 
OOHFNMOIOOONNOTHARDMORNNOMMOTANNOGOPOOOM-OANNDONOOTNOOTMHMON 
Осі исчо сери С со Си ОЎ ФСО О СЧ п СУГУ М СО СЧ со 100 ОО СО СУК ил са са АР м- Оссо ИСЧО С 
* ө ө @ 99 ө ° 0 ө ° 0 09 ө ө ° 0 ө @ © ө © ө ° o° φ 99 φ 99 Φ 9 9 9 Φ ϱ 9 9 ө ө ө ө ө эө ө ө ө ө 
ОмОО (М {ЧОО Ор МГУ М - 00 ООХ ече О ОО О) ЧИЗ О СОШО Чи 0 NN са теч ил $ O qo mr 
ОМО чл cO = 0 {р СО СМ чос ог О лил ОС СО У ог (о И со СЧ СЧ чо ОС С оо ог- оош + 
NITELMMMMINMMINININNNNNNNNN N NN Amelie AHAHOOOVOOOOOO 
errer i ri e e H e e r r r e r r e ree reir e r p e rH pd p ee p e r p r e і і 4 e e 


SOANMIWOFP-ONOANNMLZAOTFOTOTAÄNMLNOFP-ONOTAINAMTNOIM-ONOTAINMINOM ON 
чч ANNNNNNNNANNAMAIMMMMMAMISSIISISIITLITH 


34 





CHANGE IN CAPACITY 


CAPACITY 


ACFT AVAIL 


ЖЧ СИГ ОМО, СО МО У М че Ос ОШ сеу ч С ООШ ч О О О ДЈ сог У Ч Ос О Осо + ШО са са 00 сс 
со ду соу (ОЈ ЈУ Ф Осо чм со тосоо О 0 чо ГО ЗА со СЧ Очи ONNO ODLO MTD 9^ 
мм-с оо фо сч. оО y са ~ 60 60 чог ОЧ о са О О“ ср ОУ Чч ОМ ооо Соо Ч.о 
осоо фт чичо ОМ Оше чечоОс О-ОО оши СО СОЈ НОО О со 

во 894 8 9 9 ϱ Φ 8 o 6 @ o Ó 0@ 0 ° 0 0? 09 o 0Ç Φ ὁ 9 Φ ϱ 0° 0 0 0° 0 0 ° o 0? 0 o ° 00 00 Φ ee @ • 
A соо 

|| | | Е обоин 


«4 


ОС + = Q ч С) СМ Ор СО #—с\ ЯО СО О\Ё- NOOHOM-NFTFALTTLOTHONNM-OLFOHTDOSOO LIND 
NO TODO ΟΥ) +u и = FLA AR OD ADO AMINO 40 yO aia OM O Na r= (Q + + 
DAO COMP ЧУ ч ОСЧ ONIN OM MOR ОАО $ Y Or LALALA RS I ED NN LA FM MOON NINA mua O 
со О 4 4 cO rn IA О 90 ар со со О МИМО 4 Оли СО О У се о Са и ОСОМ А оссо Г о о-оо 
e e 0000900000000009000009000000090009000000900900009000800 
NOMOMNLFOONM-MTUANOLOTMrMOFPMOF ЈУ со их O T G .O q 900 СПА ОГ +CN O ОО OFN 
ЧЇ СО СС ӨЧ СМ, СУС LU O 00 00 00 PM Г- О О Фили TF + rn Q Q (N AYNA HO OOOO UD СО MO сосо 
Οουσοοοοοο σσωσοσσσιωσσιω,σοσωσσωσιοσοσσιοσοσιωσισσσοσσοσοςσςσώωσωσο 
HA A AAA A A 


Оччо чиг оет Оч С СС ОЛ О ГУ СО ОМС АСУ СО ЧУО ~ со ДСС Со ΦΙΩωνΟΓ ο ΟσγΙιΟΩ(ΩώΙΩΟΡ СО ОО 
LOVELY ED) LV VED EVES EY 0 0 SO 29 О О О О О pa fa pa Po pa fa - со с 00 00 10 90 6090099 ОУ О ООУ ОУ ОУ ОУ ОО ОО 
= 


35 


а 





1 


STAGE NUMBER 


IDEC 


I STATE 


I DEC 


I STATE 


IDEC 


ISTATE 


Нло ооа а осоро 
ичкич счету ӯ РУО 0 40 ~ 90 а0 ар со ома“ оу 


(Nuna áf = Om OO Ni mr ROMO PO го о бил 
Atl NU NUM MONO ЈУ ЕЛИ 0 У ~ (~ ~ 00 со бо со QO O ON 


ASTMOMNODNNDASE OM Теч - 3 ~ О соо дусилсО ~ О 
He СС СА СО СО У ή У МАО 0 ОМ ~ 1 со О ООО ООО 
—4 


FAFTMP-ONMOTNNOTAITMONMOTNNOATTONORNNDOHATTO 
AHAATANNNMMAFLFTSTWMNMNGOGOOM-M-IM- Мо 90 90 СОЛО 
г 


Опобсчооен + -опюогаитон тт -опоо чи о У (~ ОС О 
4 4 4 СУсусчсаса сага аи хит О © ОГ ~ СО со со 09° О 


Qn OQ NINA O+ Om OG CIO а У ОСА о Чио чч Моос 
NANNINI MMMA $ F ИМЛО ОО о У-У -  оОо ССОО 


36 


NUMBER 2 


STAGE 


IDEC 


ISTATE 


IDEC 


FSTATE 


IDEC 


I STATE 


GAM Улоо У Бо + У бој ~ о миј~ дспихо Оспилоо = 
Aone ОВА ЕУ Ер da 


МИ + ~ Ооо СС 
5 са 


NA REN 
μι νο сч «Γι 


uno 
со + INIA y 00M 00000007 


ООО ОШОО че О СООО чч ОО {Г ООЧУ оче ОС 
ч ч СМО СУ СУ СО СА СО ИО КО 0 OM a 


АМОС С СОЗО ч ОССО О ЧИО соч М ОГОО ССИ го 
а а а Ta uy O O pro 


OONFFP-RAWNTPONN-OMWOOMNDOTMOOTHMOIDFATOOT 
СОЈ со Со СО МИ 00 ORE mo 


осом) У ~ Оса ОУ Мило ++ ~ Оса OO (Nu о ~ Оса 0 
MARANA QUO MO py OS At Ч ООК ою ОМ Ус оос OO 


37 


3 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


очи # Зилими о ДО ~ ~ ~ ДО СОСОДдО Ата сјеме по 
+ 


СИЗ М ОсОО Чио ч М ОСО Оссо ч М Осо ОССО 
HHO CIN СО СОКО ЈА У УУ пилИлиО О о ~ ~ с0 ср со со од ОУ 


О-о + + TANANAN OONO DOO TCO OH РАЈ со со со + 
іч ч ч 4 Los] 


— Г Ос О С ил Ш ОсОО чи с + Осо С чис чч ~ О 
ЧАС СУ СО сос ЧОО оом ODDAAMO 
x 


OANMMOSTPOWMNOVD OEE DDDADPHOOOAAUNNMMMS 
«43 ча ча ча + 


QMODNNDATHOMODNNOARTHOMOUANNDOATEHOMOO 
ir NINO OOOO NO Or ~ [~ со 50 20 У ОУ ОУ О 


38 





4 


STAGE NUMBER 


IDEC 


ISTATZ 


IDEC 


ISTATE 


IDEC 


ISTATE 


сосо-ч а WR DONNA YD DOANN YODO 
idr id i e iH H e NNN NNN NNN ANN 


NNOFASPOMOTNNOTHALFPOMOTNNODHATM-ONONNNDO 
ач СОЈ СУ СА СО СО ЈУ Фф ШУОИ О О 0 ~ ~ ~ со с0 со со сом 


OOOOOHÄANFTAOIPOTOHTMIWNOP-OTHANMINOM- ОО СО, С] сс) 
чч чч еч 4 СО СМ СЧС СЧ СЧС ат оо 


чї Ос ССО со ч ОСО С Чооон Y Оп очен 4 О 
πισω ην МИМО О ОГ о о ФОО 


OOCOOAN MST о ООС Оччо омос Оче ~ О ОР 
4 e 4 34 счусчесчссчече с ааа таа 


ОСОО ч ОСОО Сисоко Оси чуг оспо с 
== Cr СО СА СО СОМЕ У puyintn O О МОГ со 0090 о ОУОУ СА 


39 


DP SOLNS CUT SEN 3 


CHANGE IN CAPACITY 


CAPACITY 


ACFT AVAIL 


ОсОО ОМ О ИР га го сп ЦА 9 МА 4 СА па 00 СО ДУО По МОЛ ОООО ДО па Мос ОО ООО СОШ „ч 
vO OCO 8 4. чоо МО 400 ОСА ОУ ОЗЕ HATE FO ODMNA OSH OSTHAMMODNMNODW сог со со 
суоче чс оо ОСМ но СУ СУИ О СЧ О сп ИО СО ил О со СА "00 90 60 + О О Г- 
OD DORE + пог го оле пр Чуо с СОМ ЧУО О МС ЧУО ОУ ср MMM Nro 
9.46 9 4 6 9 9 9 ө ө © 09 9 9 ὃ ὃ ϱ 9 9 Φ 9 09? o? 09 9 99 o@ @ 09 ὁ 99 9 9 9 9 Φ ө © ө ө ® ө э ө 9 © ө 
ОМ Мч О ВОЧ О сМ СМ чеч СОС С со со со со сом О ОО ОЧЧО СОСО СО СО гай Ос 
a a yc ον ο ο οὗ 


ONWNOMOWNWTNDMOM-FROMNANTMNLOMTMONON-ANMHTIO A MOM © OoV oo rm СЧ 
ОсОО ОСМ ОСМ со О о2о О Оч ОЧОР ОСУ СООО “еч О соч Осо 
Ооомо о Фил 1 40 90 со 00 60 HENNA MOMDNMOFONALTORNANOTMST NTO OY DOO 
ОСОМ ОЮ ФО чч О сечо ОМ чи су С-и ил] DON DA LA DIN О = сеп до спаса 
.0910009000009000090000000090%00090000090009000N 0060000009000 
Шур Спа чо оу Сао Ч чои фсе У ~ дъна n OO m TOO 4 0 п съ ГОО чо ог ч 
MDOTNODDO TMAHODMOSMNAOD OM оше НО О О\ СО СОГ 0 О ЧЛ ӯ спс СУ 
κ ολη Ιω ος ο πο HH Ае че чоОсосоосососооосоосооо 
rr A etait anatase tte stent nn — 44 — 


Оче {омос ОЧМ оо ОСЧ ОЧ ЧОМ со СО ч {ОМ ОСО сочи OF OO 
SS идеје сече с) СУ СУ СМ) СО СС) ЄЛ СС) СТ СО СӨ СҮ СО СО р ТТ 


40 


ШИ ae Г 





CHANGE IN CAPACITY 


CAPACITY 


ACFT AVAIL 


MAD NUM M А сИ лили OLA LAO DN SD NA 00 СМ О чч СУС ER AMO О ис со сос $ 
СО O OPO (NO Tuy f OO + бо О ом Со О У QO oo + [— -O0O осчо чочошак- ч ОО Ошоо се 
NAL [~ со (О (1 Ос чи О У М~СОООСО О Ми © $ Омар о0 1 ~ О О ЛО ОМ ~ 
e e DIAS (Nr еч О О оо со Ши Ч Со со СУ СМ + О оу ду ом а0 ар [5 (О МО ИЛИЋ У са спса соса 
.00000000000000000000000000000000000000000000000000 
NAUNNNNN NA HHS ett et ttt .--оососососооосоооосооооосооосо 
(КК, ГҮКҮ КҮКҮГҮ ГКК ҮҮ КҮ ТГ ГКК КҮКҮ Л К Г ГЛ ҮЛГҮ it ҮКҮ b t| 


Οσ ΝΟ ΟἰΙωΟσ К-су О О\КУ чигү + ПОСЛ OU OSE SFOMODDOFASEENVOS 
ЗОО мило Ом ЛО О Мене оде Л ЦА со ср "о ОС О О со ЧО ОМ á OD uyu Y OO (Nç IA O (Q+ cJ 
МО СО МУ чосу Осо со ЧОО Ч ч М ЧСС СОЧ со F HAO NMF O ~ До чо Очи о 
NONDNOMOOM-DOMM-ADTHTONNOOM- ООО DAN LA 60 4 60 СОС кл 90° $ ОКА Г О-о 
9.9 9 9 Φ 9 9 Φ 99 Φ 9 99 99 6ο 9 9 9 9 99 69 99 9 9 9 Φ 9 φ 9 9 Φ 99 Φ 99 99 ὁ 9 9 99 
NNWNOM-INODOOLNHARM- OFMAOTN DO Ош {сечо С С со ЮО ОССО Сеч, ч ОО СО со с ор 
ЧСС чч чОоООО С^ ООО О Со со © ср СО 00 со 00 00 [- к Г МЫ М К ГУ УГУ II О О 
οοσοσοσοσςι ο2οοοσισσοσσσσοωσσσσωσιοσωοσσωισσσσωοσοσσυσσωσσοσοσοσο 
od ged Ot a ed A Ч Ч р ч 


ОЧ ОМ о ФО „чч фом оо Оччо Ом осо чеис Ос иог οσο 
WNNNNMMANNNOOOVOOOOOOPPPPPPEOOODOOODOWODWOONNNTNRNNNNOO 
A 


41 





1 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


NOOO NADA TON INUNDA SON ало 
“део СОЈСЈ СУ СО СО (о 4 илИЛИЛИХ У О О ГУ М М со оосо о СО О 


Nind οσα RANAS ESA 
Чен, сус) iq У ШАА О <р О М-М М 90 оосо ос ОС 


-+< А опоочгочн КЉ Ооу ОО мио ч - Огоо Сми 3 ~ О 
444 семето оом М-М со ооо осо 
ond 


а М Ос ОСЧ со еч М Ос О ОЧИ ч САО ДУ УЛ СО У О 
А ч ч СОЧ СЧ СГУ Оу Ч О Ч ЧОУ О МО ОГУ КУРУ со бо оф ФОО 
ei 


OMONANWWOAFPONOTNNOHATTF-OMONNNDHATMOMOON 
= + СУсусуспсо го га др а диги ло ХО чО чо ~ [~ ~ со О со ОМ ОУ 


ONMOTWNNDODFHAFTTPOMONNND+HTTONONNNDOHATMOM OO 
(N (NV 4+ Ч ЧОО ОО ОУ ~ со COG O QA O, 


42 





2 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


око о ~ о о од пече о оО оиу 
“одеће јео Је ЈсЈ смео ЈсЈ СЈсо са са са са соса со 


мита ог O ао отоо 
чоме ХУШО Р ~ со со 00 60 ~ ОУ О 


па СО МОГ ОДО СО ИО ПГ © О еси Г О си ИЛ Г OO. 
по о СОЈОЈОСОЈОЈ СМ СМ) СО СО) (ГС) СЛ СТ СС) СО) СТ) СС 


ОСОО С ЧИ М-О PONIAN DAS ON Οσο ΩΩ TO 
el UN UNION OLE RF O O MP Pp ONO 
= 


оме оогончо моето СА О г СО О С 4- ЧУ со Ф 
«4449 464 ЈОЈ ЈСО ЈОЈ СЈ ЈСО со су со m СО СС) 


ООСО ч Осмо О ми оччо С Чи А ~ ОС О o 
"чке С с\ СМ СО СС) СО СО + ЧОШ О ОО ОМУ Ооо оссо С 


43 





3 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


оона Оче Огоо ісус О чечи 
Ае Нея счСУСЧСЧСЧ СчСЧсчу са с са со сдсаса 


NNO AF MOMOAONNDATHOMDAANNDATE OMOANN AD 
SAI QIAN EEN LAN О о Г-М DW DG OOO 


COKIN S OM DRONMSNDDTOANTINDE DOFNMNDOF 90 
A+ AQAA ANN NAMM OO MO OO 


осоо чч ооч ООС Чи ч Г Осо Смог о 
аякка сысы! су со Осо {Р ШИГМС\ О о ОГ Г 0090 9 ФОО 
= 


ООСС ИМ СО ДОМ АЗИС пао 0 [> 00 Gre (NM + О 
SSSA NAAN NAINA MMM MMMM 


COMO DANN DAT ROMO MANDATE OMOANNDATMmOMOO 
ht NI AIM са со У УМУ О МО О ~ ~ ~ со со со до СО 


44 





4 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


ОО г © О тяло мото 4 тт ОГ со Ончо сам 
rH i imi i A ο N СО) СО) СС) 


NNDAPMOMOTNNDALEOMODANDATEHOMOMANWN a 
eim HNNAN MAMA LAIA INIA 50 О М Мг оо оосо со С ОО 


СО ΙΟ им ОС Оч СЧС ОМУ ОС Оччо осоо чес 30 
і p rH ee r H e e е4 С ОЈ СУ С СЧ СЧ СЧ СУ СУ СЭ) СО СП) ссу СС) СС) 


τσ ОСО ЮО ССОО ч ОСОО ЧЧ оо чч ONO DNA Dr SO 
ent A a A а 


ООСС им ~ со О РАС со 4 ИО 1 со О РАС со ил οσο Nm Sn 
e A A A rl A 4 СОЈ СЧ СЧ СЧ СУ СЧ СЧ СУ СЧ СЧ СОУ СО n cO 


ONONNNO-ATT-ONOTNIOHAFTPONMONTNIND ATTOmMOnN 
HEArHNNNAMAMMTTTWIMNNOOOOM- r= OG ON QO C O 


45 





5 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


ТОЕС 


ISTATE 


они игом О-о, AN 
NN SSI 


NO AFRO DRNINDA NON DRNA A РОМ O 
ам AAA 00 0090 с0 07 ОМО" 


COMI MAINO DOHGOAAIMM tN OM OO NOSANAS 
"аҥ уннн» ннн с чечечечечеч 


EM OMOTAINDATHOMOAAND 4 Th ONO DMNA STE 
О ут У УМОР Ооо 


онколог о О гасе итог IY 
AAA AAA AAA ANNAN 


SOPAS ROMINA LON ARNO O 
et ANIA VEN OST ST ST LAE LO мод SO P= BM 000 OD OND 


46 





DP SOLNS CUT SET 4 


CHANGE IN CAPACITY 


CAPACITY 


ACFT AVAIL 


ЮО. сч ЧОО па ДУО ΟΟ ΑΟΟΓΟΟΩΟ Φως Ο UIO QD NAO MAM MOAI AOD (Nt iy + t tn MNO 
“АО ALND HO NAIM {ХО ОГП СО ГОГ HMM ИСУ со Г 00 О-о СУЧ ООС О оосо с 
OATHONNNHMONNANMOPAOTOLFOD AT HONFOTYJNM--YTMommanmounnmno 


OMR Y Г О MR INDIA Ar О Ил МО 4 ОГ 4© INO MO DINA NOR PIN Nr O 00 COLINA LA MONO Nr 
9 ὅ ὁ ὃ ὃ ө 9 ө ә 90 ὁ ὁ 6 ὃ ὃ ὅ ϱ @ 09 ө 0 ë э @ ө ө @ ç Ф 9 ө ө 0 0 © ө ө © ө 0 @ ө © @ ө ө ө ө © 
Sa ТЕРТИ ОЧИ ИА У 
ren ΕΕ ΕΕ нв ве» ви 


ОсОО 0ч О-о О СОЧ СЧС ОО + Сч + Ооо СГУ ч ОООО ДУ САО О О ~ О со пл 
ONWOTMNAOOM-WMOFOMNMOS чо ГП ИЛ СО СО ОГ ОС О ОСС Фо ил СО ПГ (~ 
Ορος οσο СО бо Г-Г-Г- © © 4 NINA NINO YM MANGO чоОО О пса СО ~ Оса с 
ОсОО еи ОШ Онч О М Сеч СО ЗЕ Је СУС СО ЧГ Ош со о Сеч со Гое МОМ ИМ 
Φ 09 o° 09 090900 009 09094 00 990 09 09090 09009 09 0 0 9 o ө © ө ө ® ө ө © ө ө ө о9о 
NnrmP+toNDOTMAUNmmnr- ОСОО Ооо О еу Счас чгп +FADOSTND™ OY NADDONS OY 
ОМ СО πησοο У) ЧУ СО САДО У CO CO οι + S СО СО σισήησησως ΟΟΟΟΟΟΟ СО 
MANAM (СС) СҮЗ СМ СМ СМ СУ) СМ СМ СМ СМ СМ СМ СМЧ ч A y rl ml а Че деде Реде — ee a e OOOO TOO 
ο чеч ч іі 4 An ο. ο ως κ чі чч ч чч чеч чеч 4 


OrANMAFNOMDHDOAANM TINDH DHOANM FODOMDHOAYUMATINOM™ © © Са ог оох 
A A pu rl rl pr =1С\ с\у С\) СУ СМ СМ СУ СМЧ СМ СМ СО) ЄЛ) СТ) СО СС) СС) СӨ) ЄС) СС СОР УУ 33 


47 





CHANGE IN CAPACITY 


САРАСТТУ 


ACFT AVAIL 


DADAYUADONAE ARE ANON SDOAMHDAOMODSTIERNOISOMADNOTMOOOH MOSH 
ооо Орбис re 
оомомм 4 хал ПО ~ ла ОДО О ме О дмо о би омео Оду ог-г-г- оО ои 
оос г-у BINNS FF они с сусу суде tri 4 4002000) 


9 ο ὁ ὁ ὁ 6 ὁ ϱ ὃ © ә 9 ὁ 9 ὁ ὁ ὁ ὁ ὁ ᾧ ὁ ὁ ὁ 9 9 ὁ ὁ ὁ 9 6 6 99 4 Φ 99 Φ 99999 999 969 


ТОРТ ФР РРА 


моо тхо С Ооо Чо ОЧУ О ОЧМ оч сч ОСМ ОСЧ оосо сч #4СО СО 4 ЯО СО ОУ СО СП О О СО Сен 
К> соб ООО ОГ MH Ос О ч Чч О чр DL NCTA ONTO CAMA DAMNO ONN NAN AMN 
чеч со чо чос Ч Ои О исо ЧО Оч ОЧУ ў Ч со сч СОЈ СУ ће СО О AN MAR O MN pe mn 
“ОМ О СЧиУО СО фо Г © СО ФГ 6 2-40 Ц со © со О $ СО боги + суеч о 9 60 Г- ОКА ОС < 9 
9 9 9 9 9 6 9 9. 99 9 Φ 9 9 Φ ϱ Φ Φ 6 99 9 9 9 Φ 9 ϱ Φ Φ φ 9 49 ϱ 9 9 Φ Φ φ Φ 9 φ 9 Φ Φ Φϱφ Φ 9 Φ ὁ 
NAM ODOM И У са со Ме О ОО У“ оу о“ д  ор 90 90 ар 90 15 јр 1 ДОО О ОО ОО ОО ил 
WO CO cO O O cO GO CO O GQ) 00 9000 00 00 00 00 YU 00 00 Po po PP pa Po Po po ГС Г Р Po pe Pe Pe pe PR ҺЫ МУГУ М ҺЫ Ы ҺЫ М ҺЫ ГУ Г 
соососоооссососоеоосоососососоосоососооосоосооосооосоосоосоосо 
AAA An чч чч A A Ar Ач а Чеч ча ча чая чан een 


Оччо МО ~ ОДО РСС МОМ О У О АСС МИМО МО ОМО РАСА ИМО ~ О ДУ О КТ ил ОГ со СО 
Чичи “© .Q Q МОО МОО чо щом ЉММ УММ СО со о О соо со со Осо С^ О\ОУ О\ О\ УО ОУ ОУО\ О 
= 


48 





1 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


15ТАТЕ 


ТОЕС 


ISTATE 


Nino тоос а шоог опаш 


чо ' 
A AAN t UIADOO 20 60 с0 во О“ О“ ду 


ωμά ο ασ ИО СО а г строфа дер 
Γκι οι 1 4 3 + илл о чо АГ 90 90 90 со СОЛО 


MEER NIIT RR AN SEIT TS 
ыен сусу с! сс) СО) ГО) $ лили о оо Г-Г- ГГ 6000 0`0`0`О 


eS RM OQ O OO Οι © ПО ОС + OMNDDONA Dr + Р-О 
saraq е Fe ОКОВ so 


Oc OQ Nui O гоп бил Ш О О Сил {Г © 0 
пече ση Со (О У Ч ОМС О о О О (~ ~ ~ собом ОУ О 


оса омилоо Осо ОУМИЛОО БА О со бил ГО п 0 
Mt MAN AM MM MF SPUN OO OPP О) ОО СО ОУ ООО 


49 


2 


STAGE NUMBER 


IDEC 


ISTATE 


IDEC 


ISTATE 


IDEC 


ISTATE 


сид бо ~ GD nahen Ооо кило © mn ИМ 
oS aa муе MM Ost + У У AIAN ША 


м6 ~ Осодумил 


об К-с. Ссил ч ~ Оса 9 ду илао 
яг м сус! соеп ТА 


ии оО ~ (~ ~ со 0. 50 со о“ ОМ 


AMUNOD DORM СО О А ДУО с ММО чеч ОГ DAM ο 
RMR RR IRANIAN AIAN me OO OO tS ETL INCA in lA 


АМО с.о С си ч ЗО м ССИ сч Ого ССО оо тг О 
AAN ASS ARNO RS CONO 


ОСУМ О ече О о Сич оО чс Оссо чиг 
HAAN AION Ny MOM OOM У Ч Е ЧАЦ ИИИ 


Осма Ос ОСЧ Чоо чч г ОСОО ОСЧ ч Осо 6 
чеда сусусъсасососа Ч ЧАО ОО О оо ос ооо 


50 





3 


STAGE NUMBER 


IDEC 


ISTATE 


ТОЕС 


ISTATE 


ТОЕС 


ISTATE 


HANDS EDIT een 
=c c uc uc cuc r c r mean 


СиО ЧУМ ОО сач ч М О СО ССОО ч ОСО С Ч\с 
νι ασ АР + У ЛИ ИГ НО ООН 90 60 с0 со о“ ОУ О“ 


(N rn +u OC со ОУ © =ч Со ИМ ~ со ДО ФФ че $ МАЛ О Г 00 ОУ О васса 
rl Ч ч Ч 4 СМ С СЧ СЧ СЧ СУ СЧ СО СУСЧ СЧ СП СО се СО 


А Ос С сис ч М Ос © ОСИ СОО ТГ ОСОО NA rn SO 
МОЈС СО ЗАР ИМАМО О ОГ ~ ос Фоо О 


ONMST WO СО ОДО чечи ог-опсочччо ADRIANA 
r a PA e e e ч еч С СУ СЧ С СЧ С rN ('N(N ru On O CO 


Осмос г ох лечил ОП ОС С ЧИ ОГ Оп СФ 
Ar СЧ СЧС СОСО Ч {ОШОО О4О OPA DOO ADAG 


51 





u | ° 
о | E = с 
= = >ш ð 2 Oe ш - 
ш О Оет ~ 5 - Vy bes o 
INMI Ar = -< ш = • • O 
OTE мо <t Om (9 та ш ° νο 
ци ны и Zr < а 3 ez > 
ом ION Е DZ 5 am - о> СУ O ~ 
ши ши ULA <t 11 Tie ~ ~ о 
= wO LLL OG Z ὁ ο 2 Dei Jo — od O m 9 
DI FO оом о и nu со lv ке а ++ HoD o ~ o 
= pu LA hu e « uJ «а 2 < < σοι мосу 2j х 
— вошто-и>н NO | ο и = = >XO ~ м 4 o 
ZZOr-rDrr- cr Ш НЗ Du - η ш О ам а е < О 
р | καπ ιο Ба >=) о OS Mty < к >< > > N 
> ҥш ОТ I kem mI Ја <> > |- μι σσ Οι о < ~ 
ZOWSROUL 5 Oy Z< O м на =) ОО Ol + О. 
ИО а ws <> > ">oxaı бон ez 1 CL + Ny AN Ww < 
πια] - Ја { # «чт? чш Yorn шо о kr ~N «О и! ы 
FRFUATZOO ны с Эв. m= > ни OgqZz а. ~ се Z ~ 
= О ш- азот 0 шшо ZX wa ш mu ома d~ or 4 ~ 
< ВЕ юс nue>T 0 MUMZ < шит Че tu Wet оо =Ü - ON 
α | 2224 Мл] lO (к x Hm CaCO но I С> М! его Чч а Те 
о | во О μι A OD Z әнін си ~ κι» aN Ne Ox 
С) u. AUDO AU Ou: “Зе ПЦ О — UZO Os ely Ж HO 
[ теоо- ц»о»о о т “а JO GAO > “2 Ona OW Mt oo 
a | OO #2 се 7 me Wa «LO 52 © x wo Ха NZ mo == ON 
eae MUONWDO T ZAEDrN <>TITumu WO Om Pr $ —< ο X NN 
сс | шо zee Or КЁ о V мофор Fu. <= Zom 21 Or ох su = 
шу | О a •ОСО (ско к буа о < J Eo OF ша Ne © = = ш 
F! ш х>на<шо но с Owm о219 Ш Ш O м ZX et = O μ4«τ WY 
э! 2 "WO Xr сл О O ZZV с τ ο ο ΞΖ Z= NO љ- > Zæ 
α. | OW шооны OF Wm Е Ок ай 2о/!- Ja uu «(СОО OF AE MJ со za = 
=! Mz uOu $ 5-ю => = CO w иж I HIT шос Z> α -οκ > 
о! до>-к и шт 4 м Шах οι J O> FI КМ! оог - > > оо 
ω |! Џин у <Т> 2 T ας Ope me Om о ος: «ον «0 2. #0 +» 
О--со-н + OT IN UFR м то = WJ U ач OSTO но “4 2~оо = 
от ОВ re e Оч НР tun II OW ном OUT em <[ ro. r OH m 
nZíZO0= иш LU ООО s5020 е «IND ΟΣΟΙ ма FOr OQ 
ноа ашон Ж AZ y ZUMO dm Dar > Z ~ad ere Ia Du looo Y 
цихашт ate < Осе O x<a > ZO «lle Zveme FO О-ТКАя О 
> ш 2-= E x СОЕ а | αἴ»: a uiu CO u мо <Ç 2 ОМ с 
<ItLth May DN O =< Zm O ο. ο т ιο δι Leon az MIONA «< 
КОО ОС окт а 23XIZO IOO wo We ZN О —Hanza 
o + 00 • | ZA DY FQ ml Ta να ZZZO* Ye оно Y 
оц. Одних Fr 12020 > MEW ΓΞ Fr оч ОООО: Оо a «ο 20: 
COD-JODJTous Dr Z =+ б m < Z OO va С ОР »«--οωαιη O 
AZNDNONOD-73730X а DIMI ношнм но УУ SAI иИ-оцно <t 
ug w< μια z O a ~ Оса О MO «а au ZZZ ~ ш — <t (N uj 
юоЭ<«< 5 о-ы DxO УЗЕО ОСОМ он ~ «ΩΩ шише тт ао Οδ а 
wO ος СсОС«< Фа 0 == ==. «ү Fre 
zunou <<< ыш UJ w CL CO Ln {«{«{ 
Бон шоа. >» олок а. т I (ОООСОО аш ООСС 
= = — 
о 
T 


OOOOOOOOOOODOOOOOOOOOOOOOOOOODOOOOOOOOOOO OUO OOO 


52 


READ IN ARC PARAMETERS (1ST ARC) 


DP STAGE 1 





~ = 
Е 
і = 
| и 
— | 
> = e 
Ω G = 
ш - = 5 ш 
> ш U N = 
(5 O < 
3 = < = = 
В. ч со а 
а 2 (Л oO + = 
> | ο - = 
= < (1 xy = = 
- = O H ~ ~ = 
ш с м о = ш = ш 
= - N Z Mm = ~ 2 
<t =) Е === < 
=) и O а О ONLY = 
Ω. X | = - ~ L 52 a 
м ш из mm ~ == lez Y 23 
~ = O O ποσο + HNO - -оо ~ ~ 
- Z 1Η o Uu) о ¿(ONO |--с τ νε > ~ 
tu = = иена СУ mt u ol ш >> 
— со 2D < = со ~ 20-0 о wee < <t - A. em о Do 
= < ος с ο ο < =2 6072 ОСІ 22Ο»: "m N <09 « uu 
— < = тт Z < „DZ m ° = ---------- оок + + UW OZ~ -- οι 
о ш л | ~ а солео A Aas с “00 DO Uu оч = ~ <( = N Im 
E — N «ώς < ç Az O-hZOHZ ++40+ | = — eu Z mw m ON 
< < n 440 z+D > O e = zu moUu.m --0- ~ Z ZZZ + ~ + 
-r aj = VW CO e> e N= mr Term (mm AN N H m e eZ ~ Z — --2 
aja о о о < Oy М) > =O On ¡0+u—-+u 0ÓN-0 O SAOOO mk O AYO 
Xmm o ш < мо Е е AS ZAX Z AmO кз 005/42 2 dm WU — =Z O ~ 
шини O (C F Z Qe < N ll ООО ны | en] «4+чЧчН ч ~ le el ZNZ Оо ZU 
5 =“ а e OJZ e HW. OO ОБ н ОМ Се ~ СОМ ClO m Om 
Zem ο F -. ооо ио > ZZwr Ронин С рони оно ц но а | - ОДИ О ОИ ИЦ ки! ии < 
И "О |. о о O «tM OD! рун ος)! м I ακὸς--Ισιωα) νο «σοι MID NA 
“WUU Z U о < мо Б очон20 чообо+ | жар ж IX е ZIZUR ZO Z- Zn 
нРЕАОШ a O ш KDI ш отошн2 LOZZIN HO NO m4 NULOULALUUZ MIN HAST 
~“ аа–-<а- О с с AND ὁ очен НО | eal ZNI ENI SZU meme Zamm Soeke 0 
2.14-12-- ++ <( O — I ЗЕН що (оса ONI Iœ |l РАНЫ зуга... 
оа. о. Оск о Us и. ожоц осжсосоц сс-ц сс- Ос -- чи что бо ООСС О О ос ОИ 
Us DA E a αι SAR O ARDE O AO ORADOR DO SONO 
O O оо о о © 
8 83 23 33 8 88 
~“ Nm am Gu со о с 


ооо ооо омео 


END DP STAGES 


омео 


Ι΄ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 


R 
? 
? 
? 

9 
? 
? 
9 


ш жжжжж x< >< 


МВ 
А 
4 
4 
4 
4 
4 
2 


~ ~ ϱ 9 ο oo 
о оо о оо о о) 
LIA nn 
мМ — w — <— νῬν 
и; сос сп СП СӨ сс СС) 
(02 = = = 5” ο ο 6 
<( (N >< X< x< > >< x< >< 
= +++++ 3 Sy 
(Ле део е 
ос) ~. ~ ~ ~ «~ • 
Ц] > ὦ ὦ = = = 
xA 
Orie © & 6 = = э 


Ме ~ ~ ~ ~ — 


° >< >< >< x< > > > x< 

++ сусу сус с\) суу СУ 
> „ ~е ~~~ ~. 
Me FF SISSI SY 
МЭШ. нча н 
Ы А 
М. «02< >< >x< x< >< x< >< 
Sette 
SY) = > ~~~ ~ e° 
Νε  ΟΟ ΟΦ ΟΟὉΟ 
ee 
Ф еше чы was e eo? a? Чино” Фира? 
= m соу со са со са 
= ους 50 0 9» φ 


~= >< >< >C >C >C >C >C >C 


ыы 4 + 


53 





~ 

~ 

~ 

~ 
МУ ~ ~ ~~~ ва N 
II, TI, ca, CTE EEE, ть, κα... Τα... ἡ > {= 
жжжжжжжжжжж ο e 
сусусчсчсусчсчсчсченеч E - 
nn ο: 9: ο. ο- 5 ~ ке 
ἜΦΕΥΓΕ ЧЧ u + 
en ~ с> 
ос ооо > = = JE 
>< x< > >< >< X< AA OX С = un > ~ = 
FIELES x ost x а < 
~ роб ~ ~.“ ~ ~ uy «е LA <t a 
ΟΟΟΟΟΟΟΩΟΟΩΟΩώΦ We бо = о 
ee Ze „el е =) > 
е = ы Сш шц a s к= —>- μα. > wi с 
nmmmmmmmmmm Ur о е = о 
оон М >< ва 7 о 
>< >< > x< >< X x< > >< x< >< U = (1 ο = ш 
33433 33333 34 e ha < = о 
+: са ~ а. ~ wu 
ee nn are е << а + <í а. Lu 
тво ә о ә ә о Ф о 6ο} «ге Q < O 

> = LO „ O x 
~ Ὁ 5 – о = = е = - = -- ο P m Φ ш 
МА Яя ~ LU. x= ~ 
—— — . “. . 7“ NS 5-4 o NN — со 
УСС >< »жжж»жжжжж ο ο — >< ~ w = 
СМ С\) СМ СМ СМ, СМ. СМ СЧ СЧС СӘ е. um = > ш! =l 
„rennen are le |)- 27 = > Z To 
EDAD o e «(С Neth < = > 
какын ο τω ο ан — san ш <> 
~~~“ о ~~~ ~ ~ ~ φΩ 5-2 а. ч ~ ТРОА. сащ 
>< X< >< KK EK EK KN << МУ = М4 «м HN 
IEEE > а =“ ~ М ач = 
9-9: ο: θ' ο: 9: ο ο: ο. e |— <( Zao И | Је — 
|O O O OO .O.0O -O O O O ои. О eN LOS y ο) UN LA 
аач ааа Ц О) AM e ο ὃς 2m e 


«я ЧУ чао чи r aO’ AZ AMO ~ ДЕН НО on™ 

СО СА СО со Са СО со СО ССО СО ч e +m ri не ONN 

RR AR FR ROKR кб ~ ~ б се a N ee li ee ~ еи O aN 

>< >< >< >< >< УС >< >< УС >< >< ә УС Че чо Ом) ОК 4см 20040 

ОО сом о 2 – соОи~-~- 2 2 E 

«444 44 H H L AZE M A L L Z ПИ L 

ко о к фен с | па |- 2 |- ~ 2 dl aa =o. 

то ооо о о орон INN С че Г #2 СО 
со O”OXOOAXO QOXODOXOFZ 

ооо ооо E ¿oe >» EXOZLOZU*?*. OXODOOZL Nu 


e mn py el pd quel en ete == eie 
O мо ил оо ого 
му RO a no nro 
о оп ~ AN (MANN 
κ “44 кч at NAAN 


54 





BIBLIOGRAPHY 


McMasters, A. W., and Mustin, T. M., "Optimal Interdiction of a 


Supply Network," Naval Research Logistics Quarterly, V. 17, η. 3, 
p. 261-268, September 1970. 


Ford, L. R., Jr., and Fulkerson, D. R., Flows in Networks, The RAND 
Corporation, R 375-PR, August 1962. 


Nugent, R. 0., The Optimum Allocation of Airstrikes Against a 


Transportation Network for an Exponential Damage Function, M.S. 
Thesis, Naval Postgraduate School, 1969. 


Dreyfus, S. E., "An Appraisal of Some Shortest-Path Algorithms," 
Operations Research, V. 17, n. 3, p. 395-412, May-June 1969. 


Clarke, S., Krikorian, A., and Rausen, J., "Computing the N Best. 
Loopless Paths in a Network," J. Soc. Indust. Appl. Math., V. 11, 
n. 4, p. 1096-1102, December 1963. 

Pollack, M., Shortest Route Solutions of the Kth Best Route Problem, 


paper presented at the 36th National Meeting of the Operations 
Research Society of America, Miami Beach, Florida, 10-12 November 1969. 


Nemhauser, G. L., Introduction to Dynamic Programming, Wiley, 1966. 


55 





INITIAL DISTRIBUTION LIST 
No. Copies 


Defense Documentation Center 2 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 2 
Naval Postgraduate School 
Monterey, California 93940 


Department of Operations Research T 
and Administrative Sciences, Code 55 

Naval Postgraduate School 

Monterey, California 93940 


Chief of Naval Personnel 1 
Pers - 11Ь 

Department of the Navy 

Washington, D. C. 20370 


Assoc. Professor Gilbert T. Howard, Code 55Hk 1 
Department of Operations Research 
and Administrative Sciences 
Naval Postgraduate School 
Monterey, California 93940 


Capt. Charles P. Preston, Jr., USMC 1 


1734 S. Oval Drive 
Sarasota, Florida 33579 


56 





Secunty Classıfıcation 






DOCUMENT CONTROL DATA-R&D 


(Security classification of title, body of abstract and indexing annotation must be entered wher the overall report is classified) 


1. ORIGINATING ACTIVITY (Corporate author) га. REFORT SECURITY CLASSIFICATION 


Naval Postgraduate School Unclassified 


nn 


3 REPORT TITLE 


Interdiction of a Transportation Network 


4. DESCRIPTIVE NOTES (Type of report and,inclusive dates) 


Master's Thesis; March 1972 


3. AUTHOR(S) (First name, middle initial, last name) 


Charles P. Preston, Jr. 


6. REPORT DATE 78, TOTAL NO. OF PAGES 7b. NO. OF REFS | 
March 1972 58 7 


ва. CONTRACT OR GRANT NO. Sa. ORIGINATOR’S REPORT NUMBERIS) 


. PROJECT NO. 


$5. OTHER REPORT NOIS) (Any other numbers that may be assigned 
ttiis report) 


- DISTRIBUTION STATEMENT 


Approved for public release; distribution unlimited. 


- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 


. ABSTRACT 


The problem of determining the optimum allocation of aircraft to an 
airstrike against a transportation network is investigated. The damage 
function is assumed to be exponential. A solution procedure is developed 
utilizing dynamic programming and integer solutions are found. The number 
of aircraft to be assigned to the airstrike is considered a decision variable. 


A sensitivity analysis is run to determine the optimum value for this variable. 


BD e 1473 (Pace 1) 


S/N 0101-807-6811 57 


Security Classification 


4-31408 





Security Security Classification ο ο 


interdiction 


networks 





DD 52% 1473 (pack) 


S/N 0101-807-6821 58 


Security Classification A-31409 

















iT 


OX LIBR 





